ABSTRACT A dual-layer active reflectarray configuration is proposed for broad-band beam-steering and/or frequency-tunable applications. A unit cell composed by two stacked fixed-size rectangular patches, properly loaded with a single varactor diode, is designed to realize the dynamic phase tuning mechanism. The proposed approach offers wider bandwidths, with respect to the existing varactor-based reflectarray cells, and quite good frequency reconfigurability features, as demanded by several radar or satellite communication applications. An X-band reflectarray cell is fabricated and tested, to prove the effectiveness of the proposed approach, achieving a 318 • phase agility within a measured frequency range of about 14.6% with respect to the central design frequency (i.e., 11 GHz). Wideband beam-steering reflectarray designs are demonstrated, showing 1-dB gain bandwidths equal to 9-10%. Reflectarray, varactor, beam-steering, wideband. 
I. INTRODUCTION
Reconfigurable reflectarray antennas provide an appealing solution to meet the increasing demands of modern RF communication systems for reconfiguration capabilities, such as beam-steering, pattern re-shaping, multi-band operation, polarization flexibility or frequency agility. Several papers show the effectiveness of reflectarrays in satisfying one or more of the above tasks, through the use of tunable discrete components, such as pin/varactor diodes and Micro Electro-Mechanical Systems (MEMS), or electrically tunable materials, like liquid crystal (LC) or innovative graphenebased substrates [1] - [3] . The active reflectarrays presented in literature offer many advantages, such as low profiles, simpler architectures, instantaneous reconfiguration capabilities and increased efficiencies thanks to the use of spatial feeding. However, they are typically characterized by very narrow operating bandwidths that, in the case of reflectarrays with moderate aperture, are primarily limited by the frequency band of the single radiator [1] . As a consequence of this, the design of wideband reflectarray unit cells is the first task to be satisfied for obtaining wide bandwidth reflectarrays.
Many solutions have been developed to improve the bandwidth of passive reflectarray designs [1] , [4] . They are usually based on the use of multi resonant elements, such as the ring-shaped radiating patch or the three-layer stacked cell, respectively proposed in [5] and [6] ; the adoption of the aperture coupled configuration [7] , or the use of closely spaced radiators [8] - [10] . Improved bandwidths ranging from 8% up to 19% are demonstrated in the above passive designs.
Currently, further efforts are needed in the development of wideband active reflectarray radiators, which are usually characterized by few percent bandwidths, as discussed in the following. A stub-tuned reflectarray cell loaded by two varactors is demonstrated in [11] , which exhibits a 2.2% phase bandwidth, at 5.4 GHz, and a 3dB-gain bandwidth equal to 3.6 %. A 2.5% phase bandwidth is demonstrated in [12] at 5.4 GHz, for a single layer element, based on the use of a double square ring loaded with three pairs of varactor diodes. A beam switching reflectarray monolithically integrated with RF-MEMS switches is tested at 26.5GHz, showing a 3.77% bandwidth [13] . A 10 GHz-rectangular patch, aperture coupled to a pair of radial stubs loaded by a single varactor diode, is proposed by the authors in [14] , showing a 3% phase bandwidth and a 6% 1dB-gain bandwidth (BW 1dB ). A 35GHz unit cell, composed by three parallel microstrip dipoles placed over a tunable LC-substrate, is proposed in [15] , achieving an extended 7%-bandwidth with respect to the existing LC-based reflectarrays.
In order to improve the bandwidth of varactor-based reflectarray configurations, a novel reconfigurable reflectarray cell, preliminarily introduced by Costanzo et al. [16] , is proposed in this paper. It consists of two stacked fixed size rectangular patches tuned by a single varactor diode. In particular, a resonating patch, printed on the upper side of the stratified structure, is parasitically coupled to a varactor loaded patch beneath it. The stacked elements are properly designed to achieve a full phase tuning in the reflection coefficient of the unit cell.
The use of a stacked structure is a well-known technique to improve the instantaneous bandwidth of passive reflectarrays, due to the increased radiator-ground plane spacing and the multi resonant behavior [1] , [10] , [17] . The configuration proposed in this paper is the first example of varactor-based reconfigurable reflectarray, employing the patches-stacking concept as a bandwidth broadening approach. Furthermore, the proposed phase tuning mechanism allows to combine unit cell beam-scanning and/or reshaping pattern capabilities with frequency reconfigurability features, namely it is able to dynamically tune the reflection phase at variable frequencies, within a quite large frequency range. Unlike other configurations offering higher degree of frequency agility [18] , the proposed reflectarray cell allows to achieve wider instantaneous bandwidths, by integrating a single DC-tunable lumped component (i.e. one varactor diode), thus preserving the relative simplicity of the biasing network.
In order to prove the effectiveness of the proposed configuration, a 0.55λ × 0.55λ reflectarray cell is designed and tested to operate at a central frequency f 0 = 11GHz; in particular, a 318 • phase agility is demonstrated within a 1.6GHz span (2 times greater than that achieved in [14] ), corresponding to a 14.6% frequency range with respect to f 0 . Furthermore, a quite wide instantaneous-bandwidth is achieved on a 65-elements reflectarray prototype, for different configurations of varactor diodes capacitances, giving a beam steering from 0 • up to ±40 • . As a matter of the fact, 9-10% 1-dB gain bandwidths are demonstrated from measured data, greater than those achieved in previous varactor-based designs [11] - [14] .
The paper is organized as follows. Section II describes the geometry and the general design details of the proposed active reflectarray element, which is experimentally validated in Section III. Section IV shows the wideband behavior of the fabricated reflectarray prototype, in correspondences of some synthesized beam-steered radiation patterns. Conclusions are finally outlined in Section V, where some possible future developments are given for designing dual-band and/or dualpolarization varactor loaded reflectarray configurations.
II. REFLECTARRAY UNIT CELL GEOMETRY AND DESIGN
The active unit cell proposed in this work is illustrated in Fig.1 . Two rectangular fixed size patches (i.e. the lower patch L 1 × W 1 and the upper patch L 2 × W 2 in Fig. 1(b) ) are printed on two different stacked substrate layers, properly spaced each other with an air gap having a thickness, h air , which assures an adequate parasitic coupling between the two patches ( Fig. 1(a) ). As depicted in Fig. 1 , the lower patch is loaded by a shunt varactor diode, placed on one of its radiating edges, thus acting as a phase shifter able to realize the continuous phase tuning of the field reflected by the unit cell, when an impinging plane wave is considered ( Fig. 1(a) ). As a matter of the fact, the electrical length (i.e. the resonant frequency) of the lower patch is modified by the diode variable capacitive reactance [19] , thus allowing a dynamic phase control of unit cell response.
Both patches are properly dimensioned to achieve a full phase tuning range at the desired frequency, by varying the diode capacitance within the values-range offered by the adopted varactor model. As compared to the single layer varactor-based cell proposed in [20] , where the element bandwidth does not exceed 0.6%, the present configuration gives much broader instantaneous bandwidths, as demonstrated in the following Sections. As a matter of the fact, the use of a stacked structure allows to improve the antenna bandwidth [1] , [17] , due to the multi-resonant behavior and the increased radiator-ground plane spacing (i.e. h tot = h 2 + h air + h 1 in Fig. 1(a) ), that in the case of the single layer varactorloaded patch is fixed by the diode package height (i.e. h 1 in Fig. 1(a) ) [20] .
In order to prove the validity of the proposed active unit cell, a preliminary design is performed in this work within the X-band. The unit cell analysis is performed by adopting the infinite array approach and assuming a normally incident plane wave, with a y-oriented electric field component (Fig.1) . The variable capacitive load in Fig. 1 is modeled with the equivalent circuit reported in [21] and [22] , which considers the parasitic effects due to diode package, consisting of a 0.15pF parallel capacitance and a 0.2nH series inductance. The unit cell is designed to give a quite full phase tuning range at 11 GHz, by varying the diode capacitance C var from 0.2 pF up to 2 pF. The package of the adopted varactor diode has cylindrical shape, with a radius and height respectively equal to 1.27 mm and 0.762 mm [23] . The synthesized 0.55λ × 0.55λ-cell ( 8.3mm × 9.5mm, printed on a substrate composed by a 0.762-mm-thick layer of Diclad870 and a layer of air having a thickness h air = 0.762mm. The above dimensions are chosen in accordance with the following design rules.
Firstly, the varactor loaded patch (i.e. the lower patch L 1 × W 1 in Fig. 1 ), is properly sized to achieve a full phase tuning range at the operating frequency f 0 (see Fig. 2 (a)), without considering the upper patch ( Fig. 1(a) ).
Afterwards, an additional passive resonating patch (i.e. the upper patch L 2 × W 2 ) is placed above the varactor loaded patch ( Fig. 1(a) ), in order to enhance the unit cell operating bandwidth [17] while preserving, at the same time, the effectiveness of the previously implemented phase tuning mechanism ( Fig. 2(a) ).
The simulated results, depicted in Fig. 2(a) , show that by changing the diode capacitance C var from 0.2 pF up to 2 pF, the proposed unit cell offers a phase variation range of about 315 • in a neighborhood of the design frequency f 0 = 11 GHz.
Smoother phase variation can be observed with respect to the single layer case, depicted in the same figure, thus demonstrating a wider bandwidth behavior. Furthermore, as illustrated in Fig. 2(b) , the use of a stacked configuration allows to reduce the unit cell losses, due to the increased total thickness h tot of the assumed substrates stratification [24] .
As a matter of the fact, the maximum losses provided by the proposed stacked configuration are about equal to −3 dB, at the operating frequency f 0 = 11 GHz (see the details box in Fig. 2(b) ), against the −13 dB losses given by the single layer structure. In addition, the proposed unit cell shows reasonably low cross-polar components, that in the worst case (i.e. C var = 0.6 pF) are 20dB smaller with respect to the co-polar patterns, as illustrated in Fig. 3 , where both the co-polar as well as the cross-polar patterns are computed for different varactor capacitance values (i.e. C var = 0, 0.6, 1.2 and 1.8 pF).
III. EXPERIMENTAL VALIDATION OF THE REFLECTARRAY CELL
In order to validate the proposed active configuration, the above designed unit cell is realized and tested in the Microwave Laboratory of the University of Calabria (Fig. 4) . A far-field measurement setup [21] , consisting of a couple of transmitting/receiving horn antennas, is adopted to detect the reflection phase of an array composed by 65 cells (Fig. 4) , loaded by identically biased varactors (Microsemi MV31011-89 [23] ). A DC-biasing line is properly designed for each cell and printed on the layer hosting the varactor loaded patches (Fig. 4) . It consists of a high impedance microstripline (i.e. Z 0 = 138 ) parallel connected to a radial stub (Fig. 5(a) ), that behaves as a RF-chock in a neighborhood of f 0 (Fig. 5(b) ).
By changing V bias from 0 V to 20 V, giving a diode junction capacity variation in the range from 2 down to 0.2 pF [23] , a continuous phase shift up to 318 • is obtained within the frequency range [10.4 ÷ 11.98] GHz, corresponding to an operational frequency band equal to 14.6% (Fig. 6(a) ). An improved reconfiguration frequency range, increasing from 4.4% up to 14.6% (see Fig. 6(a)-(b) and Table 1 ), can be observed with respect to the varactor-loaded aperture coupled cells, proposed by the same authors in [14] and [21] .
As depicted in Fig. 7 , illustrating the reflection coefficient of the proposed cell evaluated for a V bias value equal to 8V, a very good agreement is achieved between simulations and measurements.
Furthermore, the measured phase curves, illustrated in Fig. 6(a) , are almost parallel within the considered frequency range, thus revealing a wideband behavior. As a matter of the fact, by adopting the standardized bandwidth definition on the reflection phase curves [11] , it is possible to observe a wider band behavior in a neighborhood of the central design frequency with respect to the existing varactorbased reflectarray configurations. comparison between the proposed cell and the aperture coupled cells proposed by authors in [14] and [21] .
Defining the maximum reflection phase variation as [11] , [14] :
and assuming the unit cell instantaneous bandwidth as the frequency range within which e max (f ) ≤ 22.5 • (see Fig. 8 ), a 660 MHz band ( ∼ =6% at 11 GHz) is achieved against: the 119 MHz-band (2.2% at 5.4 GHz) demonstrated in [11] for the stub-tuned reflectarray cell loaded by two varactors; the 130 MHz-band (2.5% at 5.4 GHz) achieved in [12] , for the double square ring loaded with three pairs of varactor diodes; the 140 MHz (1.2% at 11.25 GHz) and the 300 MHz (3% at 10 GHz) bands, respectively measured by the authors in [21] and in [14] , for the single varactor loaded aperture coupled configurations. 
FIGURE 9. Normalized radiation pattern for a uniform varactors bias voltages distribution (H-plane).
These last configurations are compared in Fig. 8 with the dual-layer configuration proposed in this work, while a more exhaustive comparison with other structures is reported in Table 2 .
IV. DESIGN OF BEAM-STEERING REFLECTARRAY ANTENNAS
The reconfigurability features of the designed reflectarray prototype are properly verified by changing the biasing voltages across the diodes, in order to realize the beam steering function. The varactor voltages distributions are computed by adopting a synthesis procedure that receives as input the desired radiation pattern, in terms of main beam direction and maximum side lobes level, and automatically returns the required excitation phase on each reflectarray element [21] . This last data are retrieved from the measured phase curves depicted in Fig. 6(a) . The fabricated 65-elements prototype (Fig. 4) , is illuminated by a X-band horn, which is placed in the E-plane (i.e. the yz-plane in Figs. 4, 10(b) ), at a distance of 32.5 cm from the reflecting surface, with an offset angle of about 15 • . To verify the beam-scanning operation mode, the synthesis algorithm is applied for obtaining the correct phase distributions giving a main beam pointed to some specific directions in the H-plane (i.e. the xz-plane in Figs. 4, 10(b) ). As a starting point, the reflectarray behavior is considered in the absence of a proper phase distribution compensating for the phase delay imposed by the feed. The corresponding theoretical and experimental H-plane patterns, obtained at 11 GHz for a uniform voltage supply of 18 V on each varactor, are illustrated in Fig. 9 . Conversely, Fig. 10(a) shows the synthesized patterns (@11 GHz) obtained for some bias voltages distributions compensating for the phase delay imposed by the feed and giving at the same time the main-lobe steered towards the directions θ MB = 0 • , 20 • , and 40 • , in the H-plane. Low crosspolar components, smaller than −30dB, can be observed in Figs. 9 and 10(a) .
In order to better appreciate the wider band behavior of the proposed active phase scanning mechanism, the instantaneous bandwidth of the fabricated reflectarray prototype is also evaluated in terms of 1dB gain-bandwidth (i.e. BW 1dB ), for each synthesized beam steered radiation pattern (Fig. 10) . This analysis allows to demonstrate the broad-band beam-steering capabilities offered by the proposed approach, with respect to the existing active reflectarray configurations [11] - [14] and the usually adopted phase-shifters [25] . As a matter of the fact, the array theory states that the more severe bandwidth limitation in beam-scanned arrays is caused by the use of phase shifters instead of time-delay devices [25] , as they usually allow to scan the beam along the desired angle only at the central frequency f 0 . The following formula, giving the half power fractional bandwidth of a beam-scanned array having a length L and driven by single frequency phase shifters, clearly shows that the array bandwidth becomes smaller as the array is made larger or as the scan angle θ 0 is increased [25] :
Thus, a phase tuning mechanism able to introduce the desired phase shift within a wider frequency band is the first task to be satisfied to realize a broad-band beam-steering. In the case of the proposed configuration, the gain patterns versus frequency (Figs. 9-11) , evaluated along the synthesized main beam directions of Fig. 8(a) , show good and quite similar BW 1dB values equal to: 10%, for θ MB = 0 • , 9.4%, for θ MB = 20 • and 8.8%, for θ MB = 40 • .
The above values give wider bandwidth as compared to those achieved in previous works [11] , [14] . As a matter of the fact, a value BW 3dB = 200 MHz (3.6%) is demonstrated in [11] at 5.4 GHz, while a BW 1dB of about 6% is achieved by Costanzo et al. [14] , for a 15 • -steered H-plane pattern. Furthermore, a low impact of the scan angle variations on the reflectarray BW 1dB can be observed in Figs. 11-13 . As a matter of the fact, a BW 1dB reduction of just 7% can be observed in the 40 • -scanned pattern ( Fig. 13) with respect to the 20 • -scanned pattern (Fig. 12) .
Conversely, equation (2) states that an array of the same length (i.e. L = 16.5cm along the scanning plane, namely the H-plane), driven by single frequency phase shifters, shows a bandwidth reduction that is inversely proportional to the sin θ 0 function, thus giving a 46% bandwidth variation between the 40 • and the 20 • -scanned patterns.
Furthermore, a maximum gain of about 16.6 dB (θ MB = 0 • ), 16.3 dB (θ MB = 20 • ) and 15.4 dB (θ MB = 40 • ) is achieved, corresponding to an aperture efficiency respectively equal to 18.3%, 17.2%, 14%. These quite low efficiency values are essentially due to the small size of the reflecting surface, which causes high spillover losses. Anyhow, the reflectarray prototype is designed with the only purpose of verifying the broadband skills of the proposed tunable configuration; therefore, the other antenna performances are not optimized.
In conclusion, the above results confirm the wider band behavior of the proposed active phase tuning mechanism in realizing the beam steering function, with respect to the existing varactor-based reflectarray configurations [11] - [14] .
V. CONCLUSIONS
A novel active reflectarray configuration has been proposed in this paper for broad-band beam-steering applications. The adopted element, based on the use of a couple of stacked rectangular patches, loaded with a single varactor diode, has been optimized for a full phase tuning range. Simulated and measured data have been reported to demonstrate the phase tuning ability of the proposed configuration, showing good reconfiguration capabilities within a quite large frequency band equal to 14.6%, within the X-band. A wider bandwidth behavior, with respect to the existing varactor-based reflectarray cells, has been demonstrated in terms of measured phase curves. Wideband beam-steering designs have been demonstrated on a 65-elements reflectarray, showing 1-dB gain bandwidths about equal to 9-10%, for different scan angles. In conclusion, the proposed approach offers wider bandwidths, with respect to the existing varactor-based reflectarray cells, and quite good frequency reconfigurability features, as demanded by several RF applications.
Due to the current trend toward dual-band/dualpolarization applications [2] , [26] , [27] , the proposed broadband varactor loaded configuration will be further investigated to incorporate the above skills. Both the patches stacking concept as well as the antennas miniaturization solutions, proposed by the authors in [28] , [29] , will be adopted to integrate in the same unit cell more patches working in a dual band/dual polarization operation mode.
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